Defects in aryl hydrocarbon receptor interacting protein-like1 (AIPL1) are associated with blinding diseases with a wide range of severity in humans. We examined the mechanism behind autosomal dominant cone-rod dystrophy (adCORD) caused by 12 base pair (bp) deletion at proline 351 of hAIPL1 (P351D12) mutation in the primate-specific region of human AIPL1. Mutant P351D12 human isoform, aryl hydrocarbon receptor interacting protein-like 1 (hAIPL1) mice demonstrated a CORD phenotype with early defects in cone-mediated vision and subsequent photoreceptor degeneration. A dominant CORD phenotype was observed in double transgenic animals expressing both mutant P351D12 and normal hAIPL1, but not with co-expression of P351D12 hAIPL1 and the mouse isoform, aryl hydrocarbon receptor interacting protein-like 1 (mAipl1). Despite a dominant effect of the mutation, we successfully rescued cone-mediated vision in P351D12 hAIPL1 mice following high over-expression of WT hAIPL1 by adeno-associated virus-mediated gene delivery, which was stable up to 6 months after treatment. Our transgenic P351D12 hAIPL1 mouse offers a novel model of AIPL1-CORD, with distinct defects from both the Aipl1-null mouse mimicking LCA and the Aipl1-hypomorphic mice mimicking a slow progressing RP.
INTRODUCTION
Inherited retinal degeneration (IRD) is a group of blinding disorders affecting approximately 1 in 3000 people (1) . Multiple forms of IRDs exist with diverse onset, symptoms, severity and progression of disease. Leber congenital amaurosis (LCA) shows the earliest onset and greatest severity of inherited retinal dystrophies, presenting in early infancy with severe visual impairment and absent or markedly reduced rod and conemediated electroretinograms (ERG) (2) . Other IRDs such as retinitis pigmentosa (RP) and cone-rod dystrophy (CORD) show a greater variability in onset and rate of disease progression. RP patients present with night blindness as the first visual impairment alongside normal visual acuity. In contrast, CORD patients initially present with decreased visual acuity, central vision loss and dyschromatopsia, with progressive loss in peripheral, rodmediated vision. Successful viral gene replacement therapy clinical trials improving visual function in LCA patients with defects in retinal pigmented epithelium-specific 65kDa protein (RPE65) have spurred efforts toward extending treatment for blinding diseases with slower progression and/or minimal photoreceptor loss such as CORD and RP (3 -5) .
One such candidate gene for future adeno-associated virus (AAV)-mediated gene replacement is aryl hydrocarbon receptor interacting protein-like 1 (AIPL1) (6 -9) . Although defects in AIPL1 are mainly associated with autosomal recessive LCA, AIPL1 is also linked to less severe IRDs of CORD, juvenile RP, non-early onset RP and later onset retinal degeneration (6, (10) (11) (12) . These cases point to a subset of AIPL1 patients who may be better candidates for gene replacement therapy due to a slower disease progression. Several non-LCA AIPL1 cases are linked to defects in the C-terminal primate-specific proline-rich region of AIPL1 (Fig. 1A , gray box), specifically mutations 12 base pair (bp) deletion at proline 351 of hAIPL1 (P351D12; cDNA del1053 -1064) and 2 bp deletion at alanine 336 of hAIPL1 (A336D2; cDNA del1008 -1009) (10, 13) . P351D12 human isoform, aryl hydrocarbon receptor interacting protein-like 1 (hAIPL1) has been associated with autosomal dominant CORD and autosomal dominant juvenile RP (10) . This finding indicates a dominant negative mechanism of dysfunction differing from the loss of function observed with truncation mutation stop truncation mutation at tryptophan 278 of hAIPL1 (W278X), the most common mutation found in patients (14) . Autosomal dominance is also clinically important to examine as it indicates that AAV-mediated gene replacement may not be helpful for the P351D12 hAIPL1 mutation, despite a slower disease progression. Lastly, it may shed light on the function of the C-terminal primate-specific proline-rich hinge region of AIPL1. The need for the hinge region in AIPL1 remains unknown, in spite of the prevalence of mutations in this region associated with blinding diseases (9, 10, 13) .
The aim of this study was to evaluate the visual dysfunction and degeneration associated with the P351D12 hAIPL1 patient mutation, to determine whether retinal degeneration occurs in a dominant fashion, and to attempt to rescue the visual dysfunction with AAV-mediated gene replacement. To do so, we generated transgenic mice expressing this hinge region mutation alongside control mice expressing wild-type (WT) hAIPL1, both expressed under the mouse cone-rod homeobox (Crx) promoter.
RESULTS

Generation of mouse models expressing WT hAIPL1 and mutant P351D12 hAIPL1
Transgenic P351D12 hAIPL1 mice were generated to examine the effects of the 12 bp, 4 amino acid residue in-frame deletion in the C-terminal proline-rich region of hAIPL1 ( Fig. 1) , on the function and survival of photoreceptor cells. A control transgenic line expressing WT hAIPL1 (designated WT hAIPL1) was generated alongside the transgenic mutant line. Both WT and mutant transgene expression were driven by the 2.3 kilobase (kb) mCrx (cone-rod homeobox) promoter ( Fig. 2A) , active beginning at embryonic day 12.5 (E12.5) in retinal progenitor cells (15) . The mCrx promoter was used due to its early expression activity in rod and cone photoreceptors (15) , an important property because AIPL1 is necessary for rod and cone cell survival and function (16) . Transgenic WT hAIPL1 mice were backcrossed into mouse Aipl1-null mice to generate WT hAIPL1 (mAipl1 +/2 ) (designated as WT hAIPL1 (+/2)) and WT hAIPL1 (mAipl1 2/2 ) (designated as WT hAIPL1 (2/2)) littermates. Experimental P351D12 hAIPL1 transgenic mice underwent a similar breeding scheme to generate P351D12 hAIPL1 (mAipl1 +/2 ) (designated as P351D12 hAIPL1 (+/2)) and P351D12 hAIPL1 (mAipl1 2/2 ) (designated as P351D12 hAIPL1 (2/2)). Mice from both lines were normal, healthy and fertile, with no gross morphological abnormalities. All comparisons are subsequently made between control WT hAIPL1 (2/2) and experimental P351D12 hAIPL1 (2/2) and are henceforth referred to as WT hAIPL1 and P351D12 hAIPL1 unless otherwise explicitly stated. The comparison between WT and mutant human AIPL1 necessitated the generation and comparison of two transgenic lines rather than littermates, because the mouse isoform lacks the C-terminal proline-rich region of interest. Additionally, generation of our control WT line allowed us to rule out potential effects stemming solely from the mCrx gene promoter and N-terminal Flag tag.
Protein expression of P351D12 hAIPL1 was comparable to WT hAIPL1 (Fig. 2B ). As expected due to a 4 amino acid residue deletion, the mobility of mutant P351D12 hAIPL1 was shifted, running slightly below WT hAIPL1 in immunoblots. Additionally, with an AIPL1 antibody that recognizes both human and mouse isoforms equally (gift from Dr Tiansen Li), we observed that expression of WT and mutant hAIPL1 is greater than twice that of endogenous mouse isoform, aryl hydrocarbon receptor interacting protein-like 1 (mAipl1) present when measured in transgene positive mAipl1 heterozygous (mAipl1 +/2 ) mice (Fig. 2B , lanes 1 and 6, WT hAIPL1 mAipl1 +/2 and P351D12 hAIPL1 mAipl1 +/2 , respectively). WT hAIPL1 mice showed comparable ERG responses to mAipl1 +/2 mice from P15 to P125 (Supplementary Material, Fig. S1 ), and mAipl1 heterozygous mice (mAipl1 +/2 ), importantly, show no visual dysfunction or retinal degeneration (17) .
Transgenically expressed WT and mutant P351D12 hAIPL1 were present in photoreceptor inner segments, as observed through segregation from co-labeled rhodopsin, a rod outer segment (ROS) protein (Fig. 2C) (16) . WT and P351D12 hAIPL1 were also present in cone inner segments, as observed by co-labeling with peanut agglutinin (PNA), which stains cone membrane sheaths (Fig. 2D ). This is in agreement with earlier observations of rod and cone expression of transgenes under the control of the mCrx promoter (15) .
Progressive degeneration of photoreceptors in P351D12 hAIPL1 mice
Retinal degeneration in mutant P351D12 hAIPL1 mice was assessed through longitudinal immunohistochemistry studies with propidium iodide (PI, red), a nuclear marker that stains apoptotic cells prominently. Cone arrestin (cArr, green) was Figure 1 . The P351D12 hAIPL1 mutation interrupts a putative PxxP motif in the C-terminal proline-rich hinge region of hAIPL1. The 12 bp deletion (arrowhead, dashed line and dark gray highlight) results in a 4 amino-acid residue in-frame deletion, eliminating one of five potential PxxP motifs (black underline) present in the C-terminal proline-rich, primate-specific region (light gray box) of hAIPL1.
co-labeled to assess progression of cone photoreceptor loss (Fig. 3) . Despite occasional cell death observed at P16 and P35 in mutant mice, outer nuclear layer (ONL) thickness and number of cone photoreceptors remained similar to WT hAIPL1 mice at P35 (Fig. 3) . However, by P70, there was a noticeable decrease in ONL thickness and cone cell number, with an estimated loss of four to five cell layers and 40-50% loss of cones. A nearly complete cone cell loss was observed at P125, and although ONL thickness was relatively stable in the central retina between P70 and P125 as shown (Fig. 3) , ONL thickness in the peripheral retina was decreased to four to five cell layers with estimated loss of 43% of outer nuclei (Supplementary Material, Fig. S2 ).
The outer segment (OS) length of photoreceptors expressing P351D12 hAIPL1 was comparable to WT hAIPL1 animals, as assessed through light microscopy (Supplementary Material, Fig. S3A ). Ultrastructurally, rod (ROS) and cone outer segments (COS) in P351D12 hAIPL1 mice appeared normal at P30 (Supplementary Material, Fig. S3B -D) . These ultrastructural findings indicate normal rod and cone photoreceptor development in P351D12 hAIPL1 animals prior to significant degeneration.
P351D12 hAIPL1 mice show drastically reduced photopic responses and reduced scotopic responses at an early age Electroretinography (ERG) was performed at P15, shortly after eyelid opening in mice, to evaluate whether the P351D12 hAIPL1 mutation leads to visual deficits. P351D12 hAIPL1 mice had markedly reduced photopic, cone-mediated ERG Figure 2 . Comparable levels of AIPL1 expression and proper localization in transgenic P351D12 hAIPL1 and control WT hAIPL1 mice. (A) Transgenic mice were generated expressing either N-terminal Flag-tagged WT hAIPL1 (control transgenic line) or Flag-tagged P351D12 hAIPL1 (experimental transgenic line) under the 2.3 kb mCrx promoter. (B) Immunoblot of P16 retinal lysates from transgenic WT hAIPL1 and P351D12 hAIPL1 mice probed with anti-AIPL1 that recognizes both mouse and human AIPL1 equally (gift from Dr Tiansen Li), and anti-PKCa serves as a loading control. Equal amounts of protein were loaded for each sample (150 mg). mAipl1, mouse Aipl1; hAIPL1, human AIPL1; PKCa, protein kinase C a-type. Immunocytochemistry of hAIPL1 (green) co-labeled with (C) rhodopsin (red), a rod-specific marker and (D) PNA (red), which stains cone membrane sheaths. Cell nuclei are stained with DAPI (blue). ROS, rod outer segment; RIS, rod inner segment; ONL, outer nuclear layer; COS, cone outer segment; CIS, cone inner segment. Scale bar, 20 mm. Fig. 4B and C, right) (P values as indicated, ranging from P , 0.05 to P , 0.0005). We therefore examined the intensityresponse relationship from scotopic ERG measurements and found that rods from mutant P351D12 hAIPL1 mice had a higher half-saturating light intensity compared with WT hAIPL1 (Fig. 4D) To investigate defects associated with decreased ERG responses, we examined levels of major phototransduction proteins in mutant P351D12 hAIPL1 mice as compared with control WT hAIPL1 mice. Semi-quantification of protein levels were conducted at P16, an age where OSs are well-formed and prior to significant retinal degeneration in P351D12 hAIPL1 mice. The expression of rod outer segment membrane protein 1 (Rom1), an OS structural protein in rods and cones, and rhodopsin, a ROS protein, was unaltered. In addition, expression of protein kinase C, alpha subunit (PKCa), a protein expressed in bipolar cells, remained the same in retinal extracts from WT hAIPL1 and P351D12 hAIPL1 mice. These findings served as loading controls and also confirmed a lack of significant retinal degeneration and OS loss ( Fig. 5A and B) .
We observed a specific decrease in rod phosphodiesterase, alpha subunit (rod) (PDEa), phosphodiesterase, beta subunit (PDEb) and phosphodiesterase, gamma subunit (PDEg), in contrast to comparable levels of rod transducin (G-protein transducin alpha 1 subunit (rod), Gat1) ( Fig. 5A and B, blue) (P , 0.0005, paired t-test, black asterisks). The decrease in PDEg was more pronounced in comparison to the equimolar decreases of PDEa and b (one-way analysis of variance (ANOVA) with multiple comparisons test: PDEa versus PDEb, P ¼ 0.2759; PDEa versus PDEg, P , 0.0005; PDEb versus PDEg, P , 0.005) (Fig. 5A and B, ANOVA P-values, purple asterisks). In examining cone-specific proteins ( Fig. 5A and B, red) , we observed a decrease in cone phosphodiesterase, alpha prime subunit (PDEa ′ ) and cone transducin (Gat2 ¼ G-protein transducin alpha 2 subunit (cone), Gat2), whereas red/green opsin (R/G op) levels were equivalent between WT and mutant P351D12 hAIPL1 mice. Rom1 and guanylyl cyclase-E (GC-E), present in rods and cones ( Fig. 5A and B, green), were also unaltered in P351D12 hAIPL1 mice.
Although rod and cone PDE subunits showed decreased expression in mutant P351D12 hAIPL1 mice as compared with control WT hAIPL1 mice, they were properly localized to ROS and COS, respectively ( Fig. 6B and D) . Additionally, rod transducin (Gat1, Fig. 6A ) and red/green opsin (R/G op, Fig. 6C ), which showed normal proteins levels, also localized properly to the OSs.
Rapid and progressive loss of visual response in animals expressing P351D12 hAIPL1
To evaluate whether visual defects were progressive or stationary, we measured ERG responses in animals of increasing age. P351D12 hAIPL1 mice showed a rapid decline in photopic cone-mediated ERG responses decreasing to approximately 10% of WT hAIPL1 levels by P60 (Fig. 7A, solid line) . Scotopic, rodmediated ERG responses also decreased albeit at a much slower rate (Fig. 7A, dashed line) . The largest decline in scotopic response in P351D12 hAIPL1 mice was observed between P60 and P90, which then remained stable until P360 (data not shown).
To evaluate whether decreased ERG responses affected functional vision in mutant P351D12 hAIPL1 mice, we performed behavioral tests based on the ability of the mouse to reflexively track computer-generated sinusoidal gratings (19) . Visual acuity is evaluated by measuring the threshold (maximal) spatial frequency of the gratings that elicits an optokinetic response (OKR) from the mouse under photopic and scotopic conditions (20) , with higher maximal spatial frequencies suggesting greater visual acuity. At P30, P351D12 hAIPL1 mice showed significantly lower threshold spatial frequencies than WT hAIPL1 mice under photopic conditions ( . Under scotopic conditions, mutant P351D12 mice showed a trend toward lower acuity than WT mice, with significantly lower spatial frequencies under three of five scotopic background light intensities at P30 (Fig. 7B , scotopic right) (P values ranging from P , 0.05 to P , 0.005; WT n ¼ 5; P351D12 n ¼ 5). By P60, visual behavior was significantly lowered in animals expressing mutant hAIPL1 under all scotopic light intensities (Fig. 7C , scotopic right) (P , 0.0005; WT n ¼ 5; P351D12 n ¼ 5).
Animals expressing P351D12 hAIPL1 exhibit dominant visual deficits
To address whether the P351D12 hAIPL1 mutation acts in a dominant fashion, we generated double transgenic mice by crossing WT hAIPL1 with P351D12 hAIPL1 transgenic mice, which were both flag-tagged at the N-terminus of AIPL1 ( Fig. 2A) . Double transgenic animals co-expressing WT and P351D12 hAIPL1 ( Fig. 8A and B, blue and red waveforms) showed a persistent defect in cone-mediated ERG responses similar to that in mutant P351D12 hAIPL1 mice, as compared with a littermate expressing WT hAIPL1 at P120 ( Fig. 8A and B,black waveforms). The dominant effects of P351D12 hAIPL1 was also present in rods in double transgenic mice. Rod-mediated ERG responses of double transgenic hAIPL1 mice were generally comparable to mutant P351D12 hAIPL1, with both significantly lower than Human Molecular Genetics, 2015, Vol. 24, No. 3 673 WT hAIPL1 mice. (Fig. 8C , scotopic) (P values as indicated * * P , 0.005, * * * * P , 0.0001; n ¼ 4 for each group). These effects were seen despite expression of P351D12 hAIPL1 being 5-to 10-fold less than WT hAIPL1, as compared with the equivalent levels of WT and mutant P351D12 hAIPL1 in the respective single transgenic mice (Fig. 8A , Double Tg: 1 blue and 2 red, control Flag WT and Flag Mut).
In contrast to co-expression of WT and mutant human AIPL1, no ERG defects are observed when mouse Aipl1 is co-expressed with mutant hAIPL1, as P351D12 hAIPL1+ mAipl1+/2 mice (Fig. 9A, green) show equivalent photopic and scotopic ERG responses to control transgene negative mAipl1+/2 mice at P120 (P351D12 hAIPL12 mAipl1+/2 mice, Fig. 9A , orange). Transgenic P351D12 hAIPL1+ mAipl12/2, the model of degeneration used for all experiments, is shown here for comparison (Fig. 9A, purple) . In all cases, there was no significant difference between P351D12 hAIPL1+ (mAipl1+/2) and the control P351D12 hAIPL12 (mAipl1+/2) (white bar), and significant differences between both groups to the degeneration model, P351D12 hAIPL1+ (mAipl12/2) (gray bar) (P values ranging from P , 0.05 to P , 0.0001; n ¼ 3 for each group).
AAV-mediated gene delivery of WT hAIPL1 into mutant P351D12 hAIPL1 mice rescues cone defects We introduced WT hAIPL1 through AAV-mediated gene delivery into P351D12 hAIPL1 mice, using a previously published self-complementary Y733F tyrosine capsid mutant AAV2/8 viral vector expressing hAIPL1 under a human rhodopsin kinase (RK) promoter (self-complementary Y733F tyrosine capsid mutant adeno-associated virus serotype 2/8, expressing hAIPL1 under the RK promoter, scAAV2/8-Y733F-pRKhAIPL1) (21) . The RK promoter is active in both rods and cones in mice (22) (23) (24) . Following viral-mediated gene delivery at P10 into P351D12 hAIPL1 mice, we surprisingly observed rescue of photopic cone-mediated ERG responses in the treated eye when directly compared with the contralateral untreated eye at P30 (P , 0.005, paired t-test; untreated mean ¼ 10.00 + 3.751 mV, n ¼ 6; treated mean ¼ 46.33 + 8.131 mV, n ¼ 6) (Fig. 10A) . Rescue effects on cone-mediated ERG responses following one AAV-treatment administered at P10 were maintained at P130, with no statistically significant difference between cone ERG responses from P30 to P130 (paired t-test; P30 mean ¼ 43.4 + 9.29 mV; P130 mean ¼ 32.6 + 6.08 mV; P ¼ 0.2588, n ¼ 5). Visual acuity in photopic conditions was improved in treated eyes compared with untreated eyes, as OKRs were present at higher spatial frequencies at P30 (P , 0.05, paired t-test; untreated mean ¼ 0.09625 + 0.06172 cyc/deg, n ¼ 4; treated mean ¼ 0.4278 + 0.09206 cyc/deg, n ¼ 4) (Fig. 10C) . In contrast to photopic responses, scotopic rod-mediated ERG responses did not improve with AAV-mediated gene delivery of WT hAIPL1 (P . 0.05; untreated mean ¼ 95.50 + 14.34 mV; treated mean ¼ 57.67 + 13.10 mV, n ¼ 5) (Fig. 10B) . Immunocytochemistry conducted at P130 showed clear and long-term rescue of cone photoreceptors in treated eyes as directly compared with contralateral untreated eyes, with COS labeled with PNA (Fig. 11A , PNA, red) and cArr (Fig. 11B, cArr, red) . Additionally, cPDEa ′ expression was restored, which was specifically decreased in mutant P351D12 hAIPL1 mice (Fig. 11A, cPDEa ′ , green). Cone rescue was also confirmed in immunoblots with direct comparisons between the uninjected eye (UE) and injected eye (IE) from four individual mice, where cone-specific proteins, cone transducin and cPDEa ′ , are observed at higher levels in the IE compared with a lack or low expression of proteins in the contralateral UE ( Fig. 11E and F) . Rod PDEa and PDEb expression showed a near statistically significant increase in treated eyes as directly compared with its untreated eye ( Fig. 11E and F) (paired t-test, P ¼ 0.07). Interestingly, however, rod PDEg levels were nearly identical, with no uninjected and injected pairs showing an increase in protein levels ( Fig. 11E and F) . Immunocytochemistry examining rod PDEb and PDEg confirmed trends observed in immunoblots ( Fig. 11C and D) .
To resolve the difference observed between introduction of WT hAIPL1 through AAV-mediated gene delivery as compared with genetic manipulation, protein expression of WT hAIPL1 was compared between the two methods. We observed a drastically greater expression of WT hAIPL1 in AAV-treated eyes than double transgenic mice (Fig. 12) . Although the WT hAIPL1 band could not be fully resolved from the Flag P351D12 hAIPL1 band in AAV-treated eyes, we estimate (non-tagged) WT hAIPL1 to be in 40-to 50-fold excess of mutant P351D12 hAIPL1 (Fig. 12, lanes 7-9) , whereas Flag WT hAIPL1 in double transgenic mice are in about 5-fold excess of Flag P351D12 hAIPL1 (Fig. 12, lanes 1-3) .
DISCUSSION
The P351D12 hAIPL1 mutation has been reported in two probands, both of whom inherited the mutation in an autosomal dominant manner (10) . The two patients, however, had discordant diagnoses; one with CORD and the other with juvenile RP. To examine this mutation in the C-terminal proline-rich domain of hAIPL1, we generated a transgenic P351D12 hAIPL1 mouse model, which exhibited a CORD phenotype with early loss of cone-mediated vision and subsequent cone 6) . Equal amounts of protein (150 mg) were loaded for each sample, and western blots were probed with the indicated antibodies. Antibodies were used to examine proteins that are present in both rods and cones (GC-E, Rom1), rod-specific (Rho, Gat1, PDEa, PDEb, PDEg) or cone-specific (R/G op, Gat2, cPDEa ′ ). PKCa, present in rod bipolar cells of the inner nuclear layer, is used as a loading control. (B) Quantification of relative expression of proteins expressed as a fraction of the average obtained from WT hAIPL1 (mAipl1 2/2 ) mice. hAIPL1, human AIPL1; mAipl1, mouse Aipl1; PKCa, protein kinase C a-type; GC-E, guanylyl cyclase-E; Rom1, retinal outer membrane protein 1; Rho, rhodopsin; Gat1, guanine nucleotide binding protein (G protein) a transducing 1 subunit, commonly known as rod transducin a-subunit; PDEa, cyclic guanosine monophosphate (cGMP) phosphodiesterase 6 a-subunit; PDEb, cGMP phosphodiesterase 6 b-subunit; PDEg, cGMP phosphodiesterase 6 g-subunit; R/G opsin, cone red/green opsin; Gat2, cone transducin a-subunit; cPDEa ′ , cone cGMP phosphodiesterase a ′ -subunit. P values are indicated as follows:
* P , 0.05, * * P , 0.005, * * * P , 0.0005.
photoreceptor degeneration. Cone-mediated ERG response was reduced by 60% at P15 that progressed to a dramatic 90% loss by P70 in mutant mice. However, 50-60% of cone photoreceptors persisted at P70 and complete loss of cone cells in mutant mice did not occur until P120. In comparison to photopic vision, rod-mediated ERGs declined slowly in mutant animals and plateaued at 40% of ERG response in control animals expressing WT hAIPL1 by P120 with persistence of four to seven cell layers, which were all presumably rod photoreceptors due to complete cone degeneration by P120. The disparity between low visual responses and persistent photoreceptor survival, particularly with cone photoreceptors, indicated substantial opportunity for vision rescue. We also did not observe any ultrastructural defects in rods or cones that may account for low visual responses. Indeed, AAV-mediated over-expression of WT hAIPL1 in mutant P351D12 hAIPL1 mice rescued cone-mediated vision with drastic improvement of photopic ERG responses. Cone PDEa ′ and cone transducin (Gat2) expression, deficient in mutant mice prior to degeneration, were restored after treatment. An increase in ONL by two to three cell layers was also observed with prolonged survival of cone photoreceptors at P120. Treated eyes in P351D12 hAIPL1 mice however showed no appreciable improvement in scotopic rod-mediated vision despite robust expression of WT hAIPL1 protein. The gradual decrease in scotopic ERG responses and rod photoreceptor loss in P351D12 hAIPL1 may have masked rescue effects. Alternatively, there was a trending increase in rod PDEa and b catalytic subunits but not rod PDEg, although all three subunits were decreased at early postnatal ages before degeneration. Unimproved levels of rod PDEg potentially explain persistently low rod-mediated ERG responses following treatment.
Cone rescue was unexpected with indications of a dominant negative effect of P351D12 hAIPL1 on WT hAIPL1 in cones of double transgenic mice. The mice completely lacked cone ERG responses despite roughly a 5-fold excess of WT over mutant hAIPL1. This is in concordance with the phenotype of heterozygous P351D12 hAIPL1-CORD patients. However, the higher 50-fold excess of WT over mutant P351D12 hAIPL1 achieved with AAV-treatment was able to outcompete the dominant negative effect of mutant hAIPL1 in cones. In contrast to cones, over-expression of WT hAIPL1 did not increase rod photoreceptor responses or levels of rod PDEg, indicating that mutant P351D12 hAIPL1 may affect rod PDEg levels in a negative manner independent of WT hAIPL1. Rod-mediated ERG defects were also present in double transgenic mice as compared with WT hAIPL1 littermates. It appears that independent of the amount of WT hAIPL1 over mutant hAIPL1, 5-fold in double transgenic mice and 50-fold in AAV-treated mice, the presence of mutant hAIPL1 leads to rod deficits.
A recent study found that truncated human AIPL1 protein lacking the proline-rich domain had increased in vitro binding affinity to Hsp90, a potential co-chaperone heterocomplex protein for phosphodiesterase. Interestingly, an orally bioavailable inhibitor of Hsp90 has been shown to affect the stability of phosphodiesterase in retina suggesting the importance of Hsp90 levels in biosynthesis of rod phosphodiesterase (25) . Altogether with results from this study, it suggests that aberrant interaction of Hsp90 by mutant AIPL1 leads to defective folding and assembly of rod phosphodiesterase (26) . It remains unclear Figure 6 . Rod and cone phosphodiesterase 6 in P351D12 hAIPL1 mutant mice is decreased but localized properly. Immunocytochemistry of cryosections from P16 WT hAIPL1 and P351D12 hAIPL1 mice of rod-specific proteins, (A) Gat1 (green), and (B) PDEb (green), co-labeled with rhodopsin (red), present in ROSs. Immunocytochemistry of cone-specific proteins, (C) red/green opsin (R/G opsin, green), and (D) cPDEa ′ (green), co-labeled with PNA (red), which stains cone membrane sheaths. Cell nuclei are stained with DAPI (blue). Gat1, guanine nucleotide binding protein (G protein) a transducing 1 subunit, commonly known as rod transducin a-subunit; PDEb, cGMP phosphodiesterase 6 b-subunit; R/G opsin, red/green opsin; cPDEa ′ , cone cGMP phosphodiesterase a ′ -subunit; ROS, rod outer segment; RIS, rod inner segment; ONL, outer nuclear layer; COS, cone outer segment; CIS, cone inner segment. Scale bar, 20 mm.
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Human Molecular Genetics, 2015, Vol. 24, No. 3 what the specific effect of altered Hsp90 interaction is on rod PDEg levels, which was persistently decreased despite increased rod PDEa and b in our studies. It is also not clear if an aberrant interaction of AIPL1 with Hsp90 will have a more severe effect on cone phosphodiesterase 6 (PDE6) in comparison to rod PDE6 to explain the rapid loss of cone response in our animal models. Current studies are underway to test the need for Hsp90 for the assembly or stability of cone PDE6 in cone-rich animal models. Ideally, these questions are better explored in a cellculture system, but unfortunately there is no viable strategy for expression of functional, assembled PDE6. Therefore, in vitro binding studies using various purified AIPL1 mutants are needed to complement our studies and clarify the interplay between AIPL1 and Hsp90 chaperone complex in the biosynthesis of phosphodiesterase. These studies are also needed to evaluate whether the P351D12 hAIPL1 mutation has a similar effect on Hsp90 interaction as seen with complete deletion of the proline-rich region. It remains unknown whether dominant negative effects are exerted through aberrant interaction between WT and mutant hAIPL1 or aberrant interaction with another protein. Our findings suggest that dominant negative effects are independent of Figure 7 . P351D12 hAIPL1 mice show a rapid decline in photopic vision and slower decline of scotopic vision. (A) ERG responses over time (from P15 to P120), as expressed as the ratio of (P351D12 hAIPL1/WT hAIPL1) a-wave amplitudes, obtained from measurements taken with 2.5 × 10 22 cd s/m 2 flashes under scotopic, rod-mediated conditions (dashed line and black circles) and the ratio of (P351D12 hAIPL1/WT hAIPL1) b-wave amplitudes with 2.5 cd s/m 2 flashes under photopic, cone-mediated conditions (solid line and white squares) (P15, n ¼ 4; P30, n ¼ 6; P60, n ¼ 5; P90, n ¼ 5; P120, n ¼ 5). (B and C) Functional vision as tested on OptoMotry (Cerebral Mechanics, Inc.), measures the maximal spatial frequency (cyc/deg) eliciting an OKR under photopic and scotopic conditions, at (B) P30, and (C) P60. Maximal spatial frequencies of WT hAIPL1 (n ¼ 5) and P351D12 hAIPL1 (n ¼ 5) mice. Maximal spatial frequencies measured under photopic conditions of WT hAIPL1 (white bar and white circles) and mutant hAIPL1 mice (grey bar and black squares), with data points representing values from individual mice (white circles and black squares). Multiple measurements were obtained across the indicated background light intensities under scotopic conditions, in WT hAIPL1 (solid line and white circles) and mutant hAIPL1 (dashed line and black squares). Bars represent mean + SEM values. P values are indicated as follows:
WT hAIPL1 in rods, and that the mechanism of dominant dysfunction may differ between rods and cones. Further detailed mechanistic studies are needed to shed light on these questions, including in vitro dimerization studies examining heterodimerization between mAipl1, WT hAIPL1 and mutant P351D12 hAIPL1. Our initial co-immunoprecipitation studies using proteins expressed in HEK293 tissue culture cells show homodimerization of hAIPL1 and no interaction between mAipl1 or between hAIPL1 and mAipl1 (Supplementary Material, Fig. S4 ), corresponding with our results showing no change in ERG response in animals co-expressing hAIPL1 and mAipl1 (Fig. 9) . Further studies are needed to confirm these results in vivo in retinal tissue and to study the need for proline-rich region in dimerization and function of AIPL1. Additionally, future in vivo immunoprecipitation studies are needed to delineate aberrant interacting proteins to mutant hAIPL1 as compared with WT hAIPL1.
Although the exact alteration in the structure of the prolinerich domain is unknown, we demonstrate that the P351D12 hAIPL1 mutation affects the normal functioning of the region, potentially stemming from disruption of two of the five proline motifs (Fig. 1) . However, future structural studies are required to definitively determine the effects of the P351D12 mutation on AIPL1 structure.
Ours is the first study to highlight and provide in vivo evidence of the importance of the C-terminal proline-rich region of human AIPL1. The findings from this work are in line with recent in vitro studies demonstrating the essential contribution of the proline-rich region to the chaperone function of AIPL1 in the folding of model proteins (26) . Our in vivo model implicates distinct mechanisms of dysfunction exerted through mutant P351D12 hAIPL1 between rods and cones, which also differ from the loss of function commonly associated with AIPL1. AAV-mediated gene replacement dramatically rescued conemediated vision, which is particularly vital for central macular vision in patients. Rescue of rods may necessitate dual targeting with downregulation of the mutated gene followed by gene replacement. and rod (a-wave amplitudes) (mean + SEM) photoreceptor responses between mutant P351D12 hAIPL1 (gray bar; n ¼ 4), double transgenic hAIPL1 (striped bar; n ¼ 4), and WT hAIPL1 mice (white bar; n ¼ 4). Significant differences are present between WT hAIPL1 to both double transgenic and mutant P351D12 hAIPL1 mice, with P values indicated as follows: * * P , 0.005, * * * * P , 0.0001.
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MATERIALS AND METHODS
Generation of transgenic hAIPL1 mice
Full-length hAIPL1 with an N-terminal Flag epitope tag was cloned under the 2.3 kb mCrx promoter (15) using a mCrx-LacZ vector generously provided by Dr Takahisa Furukawa (Osaka Bioscience Institute, Osaka, Japan). The P351D12 hAIPL1 mutation was introduced through amplification with reverse primer 5 ′
CAGCTCTGCAGATGGTGCTGTGGGTGGCTCTGTG-GATGACTGTGC 3
′ , introducing a 12 bp deletion at nucleotide position 1053 -1064, and also cloned under the mCrx promoter. All polymerase chain reactions (PCR) were performed with Phusion DNA polymerase master mix (Thermo Scientific, Lafayette, CO, USA), following manufacturer instructions for cycling conditions and the sequence verified using Big Dye Terminator ready reaction kit (Perkin Elmer, Waltham, MA, USA). mCrx-hAIPL1 (WT) and mCrx-P351D12 hAIPL1 (mutant) were digested, purified using the Wizard SV Gel and PCR Clean-Up system (Promega, Madison, WI, USA), and injected into the pronuclei of oocytes from superovulated FVB/N females (WVU Transgenic Animal Core Facilities) followed by implantation into pseudopregnant females. WT and mutant P351D12 hAIPL1 transgenic founders were identified through PCR primers amplifying an 750 bp fragment spanning the 3 ′ region of the mCrx promoter and 5 ′ region of hAIPL1, using forward primer 5 ′ CTGGTTGCAGGCAAGAGT 3 ′ and reverse primer 5 ′ GTCCGCTCCTCATCACATTT 3 ′ . Founders were backcrossed into WT 129sv mice to eliminate the Pde6b rd1 mutation present in the FVB strain, and further backcrossed with Aipl1 knockout mice in a mixed C57Bl/129sv background described previously (17, 21) . Mice were maintained under 12-h light/ 12-h dark light cycles with food and water provided ad libitum.
Examination of effects of the mutation in the primate-specific C-terminal region of human AIPL1 necessitated generation of our control WT hAIPL1 transgenic line. All experiments compared age-matched WT and mutant hAIPL1 transgenic lines unless explicitly stated. Equal levels of AIPL1 protein expression were present in WT and mutant transgenic animal models prior to retinal degeneration (Fig. 2) . Additionally, our control model, WT hAIPL1 in mouse Aipl1 knockout background behaved similarly to heterozygous mouse Aipl1 littermates, previously shown to be without visual dysfunction and retinal degeneration (17) . For our double transgenic animal experiments expressing both mutant and WT hAIPL1 alleles, littermate controls were used (Figs 8 and 11 ).
Immunoblotting and immunocytochemistry
Mice were euthanized by CO 2 inhalation and eyes were enucleated. For immunoblots, flash frozen retinal samples dissected from enucleated eyes were sonicated in phosphate buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 . and rod (a-wave amplitudes) photoreceptor responses between P351D12 hAIPL1+ (mAipl12/2) (gray bar), P351D12 hAIPL1+ (mAipl1+/2) (striped bar) and P351D12 hAIPL12 (mAipl1+/2) (white bar) (mean + SEM). In all scotopic and photopic flash intensities, there was no significant difference between P351D12 hAIPL12 (mAipl1+/2) (white bar) and P351D12 hAIPL1+ (mAipl1+/2) (striped bar), and the indicated significant differences between both groups to the degeneration model, P351D12 hAIPL1+ (mAipl12/2) (gray bar). P values are indicated as follows:
* P , 0.05. * * * P , 0.005. * * * * P , 0.0001.
7H 2 O, 1.4 mM KH 2 PO 4 , with protease inhibitors and 10 mg/ml dithiothreitol). Protein concentrations were measured using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Inc., Pittsburgh, PA, USA). Furthermore, 150 mg total protein samples were resolved on a 8.7 cm long 10% polyacrylamide sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) resolving gel (Criterion Midi format, Bio-Rad, Hercules, CA, USA), or on a longer format 16 cm long 9% polyacrylamide SDS-PAGE resolving gel where specified (Hoefer, Inc., San Francisco, CA, USA), and transferred onto polyvinylidene difluoride membranes (Immunobilon-FL, Millipore, Billerica, MA, USA). Membranes were blocked with blocking buffer (Rockland Inc., Gilbertsville, PA, USA) for 30 min at room temperature and incubated with the indicated primary antibodies. Blots were washed in PBST (PBS with 0.1% Tween-20) twice for 20 min and incubated in secondary antibody, goat anti-rabbit or goat anti-mouse IRDye 680 (LI-COR Biosciences, Lincoln, NE, USA) for 30 min at room temperature. After three washes with PBST, membranes were scanned using the Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, USA), and bands quantified using Odyssey Infrared Imaging System software. Quantification of protein levels was conducted on P16 WT (n ¼ 4) and mutant hAIPL1 (n ¼ 4) mice with results replicated in three independent studies. In AAV experiments, quantification was between IE and UE in four mice. For immunohistochemical studies, eyes were immersed in 4% paraformaldehyde fixative for 15 min prior to removal of the anterior segments and lens. The orientation of the eyecup was kept constant by marking at 12 o ′ clock and sectioned serially dorsal to ventral through the optic nerve head. Eyecups were fixed for an additional 2 h, washed in PBS for 20 min, incubated in 10% sucrose/PBS for 1 h at 48C and transferred to 20% sucrose/ PBS for overnight incubation at 48C. Eyes were then incubated in 1:1 mixture of 20% sucrose in PBS:optimal cutting temperature (OCT) (Cryo Optimal Cutting Temperature Compound, Sakura, Torrance, CA, USA) for 1 h and flash frozen in OCT. Cryosectioning was performed with a Leica CM1850 Cryostat, and serial retinal sections of 14 mm thickness were mounted on Superfrost Plus slides (Thermo Fisher Scientific, Inc.). Retinal section orientation was kept constant using the 12 o ′ clock marking and cut sagittally to keep the superior and inferior retina in view. Retinal sections mounted on slides were washed with PBSTx (PBS with 0.1% TritonX-100) and incubated for 1 h in blocking buffer (PBS with 5% goat sera, 0.5% TritonX-100, 0.05% sodium azide). Retinal sections were incubated with primary antibody at the following dilutions overnight at 48C, followed by three 15 min washes with PBSTx before incubation with secondary antibody (Alexa Fluor-488 or Alexa Fluor-568, Invitrogen, Carlsbad, CA, USA) for 1 h. The nuclear marker 4 ′ ,6-diamidino-2-phenylindole (DAPI, Invitrogen, 1:5000 dilution) was added for 10 min and washed with PBSTx before mounting with Prolong anti-fade reagent (Invitrogen). Slides were viewed and imaged on a laser scanning confocal (Zeiss LSM 510) on a Zeiss LSM AxioImager Z1 microscope. Representative immunocytochemistry images are shown from experiments from four animals of each group (WT hAIPL1, n ¼ 4; mutant hAIPL1, n ¼ 4) at P16, P35, P70 and P125. In AAV injection experiments, immunocytochemistry images shown are representative of four treated mice.
The following primary antibodies were used at the indicated dilutions: human AIPL1 (1:2500) (17), human and mouse AIPL1 (1:2500) (gift from Dr Tiansen Li, National Eye Institute, Bethesda, MD), Rom1 (1:2000) (gift from Dr Gabriel Travis, UCLA), rhodopsin (1D4, gift from Dr Ted Wensel, Baylor 
Electroretinographic analysis
Mice were dark-adapted overnight prior to testing. Eyes were topically dilated with a 1:1 mixture of tropicamide: phenylephrine hydrochloride. For ERG testing, mice were placed on a heated platform with continuous flow of isoflurane anesthesia through a nose cone (1.5% isoflurane with 2.5 l/min (lpm) oxygen flow rate). A reference electrode was placed subcutaneously in the scalp. ERG responses were recorded from both eyes with silver wire electrodes placed on each cornea, with contact being made with a drop of hypromellose solution (2% hypromellose in PBS) (Gonioscopic Prism Solution, Wilson Ophthalmic, Mustang, OK, USA). Rod-dominated responses were elicited in the dark with flashes of LED white light at increasing flash intensities. Light-adapted cone responses were elicited with white light flashes in the presence of a 30 cd/m 2 rod-saturating white background light. ERGs were performed on the UTAS Visual Diagnostic System with BigShot Ganzfeld with UBA-4200 amplifier and interface, and EMWIN 9.0.0 software (LKC Technologies, Gaithersburg, MD, USA). ERG responses were obtained at P15 (WT hAIPL1, n ¼ 5; mutant hAIPL1, n ¼ 4), P30 (WT, n ¼ 6; mutant n ¼ 6), P60 (WT, n ¼ 5; mutant n ¼ 5), P90 (WT ¼ 5; mutant, n ¼ 5) and P120 (WT, n ¼ 5; Figure 11 . Over-expression of WT hAIPL1 restored cone PDE6 and photoreceptor morphology in mutant P351D12 hAIPL1 mice. Immunocytochemistry of retinal sections from the untreated and treated eye from P130 mice, examining cone rescue with (A) cone PDEa ′ (green) and cone membrane sheath marker, PNA (red), (B) GC-E (green) and cArr (red). Restoration of rods and rod-specific proteins were examined with (C) PDEb (green) and (D) PDEg (green), both co-labeled with rhodopsin (Rho, red), present in ROSs. Cell nuclei are stained with DAPI (blue). COS, cone outer segment; CIS, cone inner segment; ROS, rod outer segment; RIS, rod inner segment; ONL, outer nuclear layer. Scale bar, 20 mm. (E) Immunoblots with (F) quantification of protein levels at P130 in the UE and IE from mutant P351D12 hAIPL1 mice that received AAV-mediated gene delivery of WT hAIPL1 at P10 (n ¼ 4). Equal amounts of protein (150 mg) were loaded for each sample, and western blots were probed with the indicated antibodies: Rho, rhodopsin; Rom1, retinal outer membrane protein 1; GC-E, guanylyl cyclase-E; PDEa, cGMP phosphodiesterase 6 a-subunit; PDEb, cGMP phosphodiesterase 6 b-subunit; PDEg, cGMP phosphodiesterase 6 g-subunit; Gat2, cone transducin a-subunit; cPDEa ′ , cone cGMP phosphodiesterase a ′ -subunit; PKCa, protein kinase C a-type.
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OKRs
Analysis of mouse OKRs were examined using the OptoMotry system (CerebralMechanics, Inc., Lethbridge, Alberta, Canada). Briefly, the system consists of a square array of four computer monitors and an elevated platform on which a freely moving mouse is placed. The mouse is observed from above through a camera mounted at the top. The system was also adapted for measuring OKRs at scotopic light levels, by surrounding the platform with a large cylinder of neutral density filters (E-Color #211 0.9 ND, Rosco Laboratories, Inc., Glendale, CA, USA), and observing the mouse using Night Vision camera mode (Sony, San Diego, CA, USA) under a circular array of six infrared lights (OSRAM Opto Semiconductors, Inc., Sunnyvale, CA, USA), as described previously (20) . The computer monitors form a virtual cylinder of rotating sine-wave vertical gratings, which randomly rotates clockwise or counterclockwise as controlled by the OptoMotry computer program. Mice reflexively respond to the rotating gratings by turning their head in the corresponding direction of the grating. The observer registers the mouse behavior through the twoalternative forced-choice protocol by picking either clockwise or counterclockwise (27) , and the computer program randomly changes the grating spatial frequency starting from 0.042 cyc/ deg (in visual acuity mode, random staircase paradigm) until the threshold or maximal spatial frequency is reached at 70% of the trials (28) . Visual acuity was defined as the threshold spatial frequency (cyc/deg). The gratings moved at the optimal speed (S p ) of 12.0 deg/s and temporal frequency (F t ) was automatically adjusted by the computer program based on the equation, F t ¼ S p × F s (28) . Mice were tested with Optomotry at P30 (WT hAIPL1, n ¼ 5; mutant hAIPL1, n ¼ 5) and P60 (WT, n ¼ 5; mutant, n ¼ 5).
Lastly, the OptoMotry apparatus can measure threshold spatial frequency from each eye independently, in a freely moving mouse without any suturing (19) . This is because the optokinetic tracking response is elicited when motion is in the temporal-to-nasal direction of the visual field. Thus, counterclockwise grating rotation will drive tracking through the right eye and elicit a counterclockwise OKR; whereas clockwise grating rotation drives tracking through the left eye. This property of the apparatus was taken advantage of to measure treated and untreated eyes in mice receiving AAV-mediated gene delivery. Treated mice were tested with Optomotry at P30 (n ¼ 4).
Generation of recombinant AAV vectors
Full-length human Aipl1 was amplified from pAAV-pRKhAIPL1 plasmid (29) , and cloned into the scAAV packaging vector (University of Florida, Retinal Gene Therapy Group), to generate the sc-pRK-hAIPL1 plasmid. The sc-RKp-hAIPL1 plasmid was used to produce the self-complementary AAV8 Y733F surface-exposed tyrosine residue capsid mutant (scAAV2/8-Y733F-pRK-hAIPL1) viral vector described previously (21) with a viral titer of 1.2 × 10 13 viral particles per ml.
Subretinal injection for AAV-mediated gene delivery
Transgenic mice injected at postnatal day 10 were placed under general anesthesia with an intraperitoneal injection of ketamine (90 mg kg
21
)/xylazine (9 mg kg
) and received a drop of topical anesthetic, proparacaine hydrochloride (0.5%, Akorn, Lake Forest, IL, USA), followed by a drop of dilation solution, consisting of a 1:1 mixture of tropicamide (1%, Alcon, Fort Worth, TX, USA) and phenylephrine hydrochloride (2.5%, Bausch and Lomb, Tampa, FL, USA). Subretinal injection procedures were previously described (21) . Sham control injections with 1.25 ml PBS were conducted, and ERG responses either remained the same or reduced from UE. Therefore, all comparisons addressing the efficacy of AAV-treatment were performed with UE as controls. Each animal received 1.25 ml of AAV in the right eye and no injection in the untreated contralateral eye. Visualization during injection was aided by the addition of 0.1% fluorescein (100 mg ml 21 AK-FLUOR, Alcon, Fort Worth, TX, USA) to the viral solutions.
Histologic, semi-thin sections and transmission electron microscopy
For light and transmission electron microscopy, mice underwent transcardial fixation perfusion (Tissue Processing and Analysis Core, WVU) prior to retinal sample collection. Briefly, mice were deeply anesthetized with ketamine/xylazine (100 mg/kg ketamine, 10 mg/kg xylazine) prior to perfusion. The animal was perfused through the ascending aorta with a cannula attached to a perfusion pump (Harvard Apparatus, Holliston, MA, USA) with a pressure-relieving incision made in the right atrium. A vascular rinse (Ringer's solution; 154 mM NaCl, 5.6 mM KCl, 2.2 mM CaCl 2 , 2.4 mM NaHCO 3 in 2 mM TrisCl, pH 7.4) was conducted prior to perfusion fixation (1% paraformaldehyde, 1.25% glutaraldehyde, 0.1 M sodium cacodylate buffer, pH 7.5). Enucleated eyes were further fixed (2% . The protein shows slight band shifts from highest to lowest, respectively, when resolved on a 9% polyacrylamide SDS-PAGE gel of 16 cm height. The control non-tagged WT hAIPL1 sample is from retinal lysate of pNrl-hAIPL1 transgenic mice (16) . Double transgenic animals were generated by crossing Flag WT hAIPL1 mice with Flag P351D12 hAIPL1 mice, and retinal lysates from three separate animals are shown (Double Tg lanes). Flag P351D12 hAIPL1 mice were administered AAVmediated gene delivery of non-tagged WT hAIPL1, using a scAAV2/ 8-Y733F-hAIPL1 viral vector (21) , and retinal lysates from three separate animals are shown (AAV-treated 1, 2, 3 lanes). Retinal lysate from double transgenic mice were age-matched to AAV-treated mice aged P130. Equal protein (150 mg) was loaded for all lanes and loading control is shown with anti-PKCa (bottom immunoblot).
paraformaldehyde, 2.5% glutaraldehyde, 0.1 M cacodylate buffer, pH 7.5) for 30 min prior to dissection and removal of the anterior segment and lens, and extensively fixed for 48 h at room temperature. The fixed eyecup was dissected into six to eight wedge-shaped pieces. Wedges were dehydrated in graded ethanol series and then embedded in Polybed 812 (PolySciences, Inc., Warrington, PA, USA). Semi-thin (1 mm) sections were collected onto glass slides, stained with toluidine blue and visualized using a Zeiss Axioimager 2 microscope equipped with EC Plan-Neofluar 40× (NA 0.75) and 100× (1.3 NA) objectives to identify best rescued areas. Thin sections ( 80 nm) from selected wedges were collected onto nickel grids, stained with 2% uranyl acetate and lead citrate, and imaged using an FEI Morgagni transmission electron microscope at 80 kV.
Statistics
Statistical analyses were conducted on GraphPad Prism6 software (GraphPad Software, Inc., La Jolla, CA, USA) using two-tailed unpaired t-tests for two group comparisons, two-tailed paired t-tests for comparisons between untreated and treated eyes in viral rescue studies and one-way ANOVA for multiple group comparisons. Differences were considered statistically significant with P , 0.05. Data represent the mean + SEM and represent the results of at least three independent experiments.
Study approval
All procedures and experiments involving animals described in this study were approved by the Institutional Animal Care and Use Committee at West Virginia University (WVU) and followed the Guide for the Care and Use of Laboratory Animals of the NIH.
